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TOPOLOGI-TOPOLOGI PENUKAR AT-AT VOLTAN TINGGI SALUNAN 
SIRI YANG BARU UNTUK SISTEM-SISTEM SINAR-X 
 
ABSTRAK 
 
Bekalan kuasa arus terus (AT) voltan tinggi (VT) salunan siri modulasi 
frekuensi denyut (MFD) konvensional mempunyai batasan kawalan yang terhad pada 
beban ringan, kehilangan pengaliran yang tinggi, voltan riak keluaran yang besar, 
sambutan fana yang perlahan dan tekanan arus yang tinggi pada komponen-
komponen litar pada frekuensi pensuisan rendah. Tesis ini mencadangkan empat 
topologi baru bagi penukar AT-AT VT, antaranya berpenyongsang SS-PAS (salunan 
siri - pensuisan arus sifar), berasaskan pengganda voltan (PV) berpenyongsang SS-
PAS, berpenyongsang SSB-PAS (salunan siri berkembar -pensuisan arus sifar) dan 
berasaskan PV berpenyongsang SSB-PAS. Topologi pertama dan kedua dikawal 
oleh penalaan digital kapasitan tangki dan pengubahan frekuensi denyut dengan 
operasi dwi-mod. Topologi ketiga dan keempat dikawal oleh MFD dengan operasi 
dwi-mod. Keberkesanan semua topologi bagi penukar kuasa yang telah dicadangkan 
dan skim kawalan yang sepadan disahkan oleh keputusan simulasi dan eksperimen. 
Penukar pertama dan kedua mempunyai prestasi yang lebih baik berbanding dengan 
penukar MFD konvensional dari segi kawalan voltan keluaran yang lebih luas, 
peratus riak yang lebih rendah, tekanan arus pada komponen-komponen litar yang 
rendah dan lebih cekap. Ciri-ciri utama penukar ketiga dan keempat  adalah mereka 
amat berkesan dan mempunyai operasi-operasi litar yang sangat mudah. Antara 
semua penukar yang dicadangkan, penukar AT-AT VT berasaskan PV 
berpenyongsang SS-PAS adalah pilihan terbaik untuk sistem-sistem sinar-X bagi 
kuasa dari 100W hingga 350W. Kecekapan yang diukur pada 100W ialah 87% dan 
92% pada 350W.  
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NOVEL SERIES RESONANT HIGH-VOLTAGE DC-DC CONVERTER 
TOPOLOGIES FOR X-RAY SYSTEMS 
 
ABSTRACT 
 
Conventional pulse-frequency-modulated (PFM) series resonant high-voltage 
(HV) direct-current (DC) power supplies have the limitations of poor controllability 
at light load, high conduction loss, large output voltage ripple, slow transient 
response and high current stress on circuit components at low switching frequencies. 
This thesis proposes four novel topologies of HV DC-DC converters, namely, ZCS-
SR (zero current switching - series resonant) inverter-fed, ZCS-SR inverter-fed 
voltage multiplier (VM) based, ZCS-DSR (zero current switching - double series 
resonant) inverter-fed and ZCS-DSR inverter-fed VM based. First and second 
topologies are controlled by using digital tuning of tank capacitance and variable 
pulse frequency with dual-mode operation. Third and fourth topologies are controlled 
by PFM with dual-mode operation. The effectiveness of all the proposed power 
converter topologies and corresponding control scheme are verified by simulation 
and experimental results. First and second converters have superior performances 
compared to the conventional PFM converter in terms of their wider range of output 
voltage controllability, lower percent ripple, lower current stress on circuit 
components and higher efficiency. The main features of third and fourth proposed 
converters are that they are highly efficient and have very simple circuit operations. 
Among all the proposed converters, the ZCS-SR inverter-fed VM based HV DC-DC 
converter is the best choice for X-ray systems with the power range from 100W to 
350W. The measured efficiency at 100W is 87% and 92% at 350W.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 Background 
The evolution of power electronics commences ever since the solid-state 
devices were introduced. Such progression in power electronics technology is largely 
driven by the appearance of gate-controlled power switches starting from the BJTs, 
MOSFETs to IGBTs. These power switches have gradually taken over more and 
more of the applications previously dominated by SCRs and GTOs. 
 
Hence, the advent of high power and high frequency switching devices has 
contributed to the widespread applications of power electronics converters in energy 
conversion and industrial motion control. In the contemporary day, it is a widely 
acknowledge fact that the electrical energy needs to be converted to make it suitable 
for various applications such as active power filters, regulated power supplies, 
heating and lighting control as well as motor drive applications to name a few.  
 
Some of the applications like the power supplies of household appliances 
have grown and reached their maturity rapidly in recent years. However, the HV dc 
power supply is an exception. There are less novelty and contribution found in the 
HV dc power supply. In that case, the designing of power converters and their 
corresponding control schemes to produce HV in kilo-volt range remains as a 
challenging task.  
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There are numerous applications of HV dc power supplies such as lasers, 
accelerators, ultra-high voltage electron microscopes, and X-ray power generators. 
However, the design and development of HV dc X-ray power supplies, especially for 
medical imaging applications, are the most critical. This is because medical imaging 
HV power supply has certain characteristics beyond a regular power supply to meet 
the standards necessary for hospital use. It must meet stringent safety specifications 
with respect to isolation in order that patients and medical staff are protected from 
the risk of electric shock. The safety guidelines for medical imaging power supply 
are given by International Electrotechnical Commission (IEC) standard 60601-1. 
This standard emphasizes on protection against electric shock and provides 
requirements for clearance, isolation and leakage current.  
 
In addition, X-ray medical imaging power supply must deliver the specified 
electrical performance to produce optimum amount of X-ray for diagnosing different 
parts of human body. This is crucial because the radiation particles of X-ray have the 
ionization capability and hence they would damage the human body when used in 
high doses [1]. The X-ray generation is controlled by HV that applied across the 
anode and cathode of X-ray tube.  
 
The X-ray tube as shown in Figure 1.1 is the key component that used to 
produce X-ray. It consists of a vacuum tube, an anode plate, a cathode filament, a 
heater power supply and a HV dc power supply [2], [3]. When bring into operation, 
the heater power supply boils off the electrons from cathode filament. When HV is 
applied across the anode and cathode terminal, the free electrons leave cathode and 
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accelerated towards the anode plate. On impact with the anode plate, X-ray which is 
emitted as the kinetic energy of the electrons is then converted into radiation.   
 
Since the X-ray radiated energy is proportional to the HV applied across the 
anode and cathode of the X-ray tube, the HV dc power supply plays an important 
role in controlling the X-ray generation for different applications. Figure 1.2 shows 
the load ranges of medical used X-ray HV dc power supply [4]-[7]. Tube voltage is 
the potential different between anode and cathode of the X-ray tube, measured in 
kilo-volts (kV). On the other hand, the tube current which is measured in milli-
amperes (mA) represents the rate of electron accelerated from cathode to anode.  
 
As a matter of fact, the quality of photographic image in medical imaging 
depends on the X-ray radiated energy which is proportional to the tube voltage [4]-
[7]. Specifically, diagnosing different parts of the body requires different level of 
voltage. For instance, the denser body parts like bone are diagnosed under higher 
tube voltage, whereas the soft organ tissues require only a relatively lower HV [8], 
[9]. In this context, a wide range of tube voltage becomes essential. Generally, the 
voltage across the X-ray tube is set to a value between 20 to 150 kV, depending on 
the type of application, while the current is varied from 0.5 to 1250 mA [4]-[7].   
 
 
Figure 1.1: X-ray tube [3]. 
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Figure 1.2: Load ranges of medical-used X-ray HV dc power supply [4]-[7]. 
 
The HV dc power supply is required to have low voltage ripple and fast 
transient response. High voltage ripple is not desirable, because it lowers the contrast 
of photographic X-ray image [10]. Furthermore, the output voltage is required to rise 
rapidly and reached the steady-state within short interval of time without overshoot 
to avoid any noise or defect in the image [11], [12]. Essentially, the acceptable rise 
time is approximately 10 ms or less [12].  To sum up, the HV dc power supply of the 
X-ray systems is required to provide a wide range of output voltage with low voltage 
ripple, fast transient rise time and achieve high efficiency.  
 
This thesis introduces new HV dc-dc converter topologies and their control 
schemes for the application in X-ray generator. When compared with the 
conventional HV dc-dc converter, the proposed new topologies and control schemes 
are proved to have better performance in terms of their output voltage controllability, 
percent ripple, current stress, transient response and efficiency. The contributions are 
presented and elaborated in the succeeding five chapters.  
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1.2 Problem Statements  
Conventionally, the full-bridge inverter-fed series resonant HV dc-dc 
converter for X-ray systems is controlled by PFM. To regulate the output voltage 
over a wide range in light load condition, a wide range of frequency variation is 
required. This control scheme however has problem of high percent ripple at desired 
low output voltage. This is because the output ripple increases when the converter is 
operating at lower switching frequency. In addition, the series resonant HV dc-dc 
converter also suffers from the slow transient response at low switching frequency. 
Furthermore, it has low efficiency at low output voltage due to high current stress 
and hence high conduction loss.  
 
1.3 Research Objectives 
The main objectives of this research are: 
 To introduce new topology of the series resonant HV dc-dc converter with 
wide range of output voltage controllability.  
 To reduce ripple of output voltage and current stress on circuit components of 
the series resonant HV dc-dc converter. 
 To improve the transient response of output voltage of the series resonant HV 
dc-dc converter. 
 To improve the power efficiency of the series resonant HV dc-dc converter. 
 
1.4 Thesis Contributions 
This thesis contributes to the methodology, design and implementation of 
novel series resonant HV dc-dc converter topologies and their control schemes. The 
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research proposes four novel HV dc-dc converter topologies which are capable of 
enhancing the performance of the conventional HV power supply for X-ray systems.  
 
Four novel converter topologies are ZCS-SR inverter-fed HV dc-dc converter, 
ZCS-SR inverter-fed VM based HV dc-dc converter, ZCS-DSR inverter-fed HV dc-
dc converter, and ZCS-DSR inverter-fed VM based HV dc-dc converter. Moreover, 
this research proposes two control schemes.  
 
Firstly, a digitally tuned tank capacitance and slightly varied pulse frequency 
with dual-mode operation is proposed for controlling ZCS-SR inverter-fed HV dc-dc 
converter and ZCS-SR inverter-fed VM based HV dc-dc converter. For the ZCS-
DSR inverter-fed HV dc-dc converter and ZCS-DSR inverter-fed VM based HV dc-
dc converter, the control scheme is PFM with dual-mode operation.  
 
The design and implementation of 100 W laboratory prototypes of the 
proposed ZCS-SR inverter-fed HV dc-dc converter, ZCS-DSR inverter-fed HV dc-dc 
converter, ZCS-DSR inverter-fed VM based HV dc-dc converter, and 350 W 
laboratory prototype of the proposed ZCS-SR inverter-fed VM based HV dc-dc 
converter are parts of the contribution of this research. It includes the designing of 
control circuit and main power circuit as well as their implementations on PCB. The 
feasibility of the proposed converters is verified through simulations using the 
OrCAD PSpice and experimental testing upon the laboratory prototypes. The 
performances of the proposed converters and the conventional PFM converter are 
taken into comparison.  
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1.5 Thesis Outline 
Chapter 1 presents the introduction of the thesis. The problems related to the 
design of the HV power supply are discussed. The motive of this thesis is presented 
and the objectives are given. At the end of this chapter, the thesis outline is shown to 
briefly discuss the contents of each succeeding chapters. 
 
Chapter 2 reviews the past research work done in HV dc power supply for 
X-ray systems. All the relevant topologies regarding to the X-ray generator, whether 
it is the earliest design or the latest design of resonant converter contributed by the 
researchers worldwide are presented. In recent years, there are three types of 
resonant topologies have been proposed; they are the series, parallel, and series-
parallel resonant HV dc-dc converter. The advantages and drawbacks of each 
resonant topology are taken into comparison.  
 
Chapter 3 proposes four novel series resonant HV dc-dc converter topologies 
for X-ray systems. First, the ZCS-SR inverter-fed HV dc-dc converter is discussed. A 
new method to control the output voltage of this dc-dc converter over a wide range is 
presented. It is done by digitally tuning tank capacitance and slightly varying pulse 
frequency with dual-mode operation. The improvements on the first topology are 
discussed. This improved topology is named as ZCS-SR inverter-fed VM based HV 
dc-dc converter. Another two topologies which require only two power switches and 
simple circuit operation are proposed. They are the ZCS-DSR inverter-fed HV dc-dc 
converter and ZCS-DSR inverter-fed VM based HV dc-dc converter. These two 
topologies are controlled by PFM with dual mode operation. At the end of this 
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chapter, all four novel topologies are summarized and compared. The applications of 
each novel converter topology in X-ray systems are discussed.   
 
Chapter 4 emphasizes the design and implementations of the proposed 
converters. The design procedures for both the power and control circuit are clarified. 
The components selection methods, design and implementations of low power 
laboratory prototypes are the important issues to be discussed in this chapter.  
 
Chapter 5 discusses the simulation and experimental results of the proposed 
converters. The performances of all four HV dc-dc converter topologies proposed in 
chapter 3 are evaluated. The simulation and experimental results in open loop control 
are presented to validate their output voltage control range, percent ripple, and 
efficiency. Moreover, the comparison between the proposed converters and the 
conventional PFM converter are given. To evaluate the transient response of the 
proposed converters, the experimental results in closed loop control are also 
presented and discussed. Finally, the features of each converter proposed are taken 
into consideration based on their simulation and experimental results.  
 
Chapter 6 concludes the thesis based on the research findings that have been 
presented earlier. It discusses the achievements of the research objective and quality 
of the proposed converters for X-ray systems. Finally, it suggests the potential 
improvements in the future. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Introduction 
This chapter reviews the HV dc power supply technology for the X-ray 
systems. All topologies from the earliest design to the recently proposed resonant 
converters are presented. The advantages and drawbacks of each converter 
topologies are discussed.  
 
2.2 AC Voltage Controller Based HV Power Supply 
Figure 2.1 shows the earliest design of the HV power supply for X-ray 
generator. In this topology, an auto-transformer is used to regulate the output voltage. 
The primary winding of the auto-transformer is connected to the line voltage while 
the secondary winding is switchable to different taps of voltage level. Two thyristors 
are connected at the secondary winding of the auto-transformer as power switch to 
control the operation of the power supply. A HV transformer is used to boost the 
voltage prior to rectification by a full-wave rectifier and supply to the X-ray tube.  
 
This topology has several disadvantages which are undesirable for X-ray 
application. Although the auto-transformer is able to control the output voltage over 
a wide range, the accuracy of output voltage is poor. This is because the secondary 
voltage of the auto-transformer is switched to different voltage level instead of 
smooth voltage variation. Moreover, the output voltage ripple is very large and the 
transient rise time is very long because the topology is operating at line frequency of 
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50/60 Hz. Low operating frequency also reduces the power density of HV 
transformer, and hence it is bulky and heavy.      
 
 
Figure 2.1: AC voltage controller based HV power supply [13]. 
 
2.3 PWM Inverter Based HV Power Supply 
The low accuracy of output voltage control, high voltage ripple and slow 
transient response in the aforementioned power topology are highly undesirable for 
X-ray systems. To lessen these problems, authors in [14], [15] proposed a PWM 
inverter based HV power supply as shown in Figure 2.2.  
 
In this topology, the line voltage is rectified by a full-wave rectifier with a 
filter capacitor to produce a stable dc voltage. This dc voltage is then processed by a 
dc-dc converter to boost up the voltage to a desired value.  This dc-dc converter 
consists of several parts, namely a full-bridge inverter, a high frequency HV 
transformer, a HV full-wave rectifier and a filter capacitor.  
 
The full-bridge inverter converts dc to ac voltage. The ac voltage produced by 
the full-bridge inverter is in the form of square wave and having the same frequency 
with the operating frequency of the inverter. A high frequency transformer with high 
turns ratio is employed to boost up the ac voltage to kilo-volt range in order to 
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adapted in the X-ray application. The high ac voltage on secondary is then rectified 
by a HV full-wave rectifier and filtered through a capacitor before being supplied to 
the X-ray tube.   
 
 
Figure 2.2: PWM inverter based HV power supply [14], [15]. 
 
In this topology, the output voltage is controlled by PWM in full-bridge 
inverter. The full-bridge inverter is operating at high and fixed frequency with 
variable duty cycle. Higher duty cycle produces higher output voltage and vice versa. 
By adjusting the duty cycle of switching signals, the output voltage can be controlled 
accurately. Moreover, high operating frequency reduces the voltage ripple and the 
size of the system as well.  
 
However, this topology suffers from several drawbacks. The HV transformer 
used is not ideal and hence affects the performance of the topology. Figure 2.3 shows 
the equivalent circuit of a practical HV transformer. The high insulation requirement 
between the primary and secondary winding reduces the magnetic coupling and 
consequently produces leakage inductance. Moreover, the large number of secondary 
turns produces significant parasitic capacitance.  
12 
 
 
 
Figure 2.3: Equivalent circuit of the practical HV transformer. 
 
The leakage inductance and parasitic capacitance cause voltage spikes and 
current spikes respectively. In addition, the leakage inductance slows down the 
current that flowing through the inverter switches. It also decreases the dynamic 
response of the output voltage and restricts the operating frequency of the full-bridge 
inverter to only several hundred hertz [13]. Furthermore, this topology operates in 
hard switching which reduces the efficiency of the system and causes the switches to 
heat up.  
 
 
Figure 2.4: Modular inverter based HV dc-dc converter [16]. 
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To reduce the aforementioned parasitic elements, authors in [16] proposed a 
modular inverter based dc-dc converter as shown in Figure 2.4. In this topology, 
multiple modules of PWM inverter based dc-dc converter are utilized. The inputs of 
all these dc-dc converter modules are connected in parallel and they shared a single 
dc source. Their outputs are connected in series, so that all the output voltages are 
aggregated before being supplied to the X-ray tube. This topology not only reduces 
the turns ratio of HV transformer in each module, but also reduces the leakage 
inductance and parasitic capacitance as well.  It also further decreases the voltage 
rating of the output diodes and current stress on switches.  
 
This topology has numerous drawbacks. The parasitic elements are only 
reduced but not completely removed. Moreover, as the output of each module is 
connected in series, the output voltage of each module might not be equivalent. 
Under this condition, the voltage stresses on each module are unequal. Therefore, in 
the module with the highest output voltage, the voltage stresses on the circuit 
components might exceed the rated voltage and causes the entire system failure. 
 
To solve the output voltage balancing problem in each module, a very 
complicated closed loop control strategy is required. This topology requires high 
number of switches, HV transformers and diodes, which increase the cost and make 
the system bulkier. Greater number of switches indicates larger heat sink is in 
demand compared to the single dc-dc converter module in Figure 2.2. Each switch 
release heat to surrounding and cause the rapid temperature rise within the modules. 
Therefore, an efficient cooling system is compulsory to reduce the temperature and 
avoid the malfunctioning of the HV power supply resulting from overheating. 
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2.4 VM Based HV Power Supply 
Cockcroft-Walton VM is a circuit consists of capacitors and diodes which 
intended to produce high dc voltage from low ac voltage. It was invented by 
physicists John Douglas Cockcroft and Ernest Thomas Sinton Walton in 1932. 
Figure 2.5 shows the two stages single phase half-wave VM. The operations of the 
VM in Figure 2.5 are presented as below: 
1. During the negative cycle of input voltage, diode D1' turns on and C1' is charged 
to the peak of input voltage, E. 
2. During the positive cycle of input voltage, D2' turns on and the input voltage 
adds arithmetically to the existing voltage across C1'. Hence, the capacitor C1'' is 
charged to twice the peak of input voltage, 2E. 
3. During the negative cycle of the input voltage, D3' turns on and the voltage 
across C2' is equals to the sum of input voltage and voltage across C1'' minus 
voltage across C1'. The capacitor C2' is charged to twice the peak of input 
voltage, 2E. 
4. During the positive cycle of input voltage, D4' turns on. The input voltage, 
voltage across C1' and C2' are added arithmetically. The effective voltage across 
C2'' is obtained by subtracting the aforementioned sum voltages by the voltage 
across C1''. Hence, the capacitor C2'' is charged to twice the peak of input 
voltage, 2E. 
It is noteworthy that, each single stage of VM produces twice the peak of input 
voltage. Therefore, authors in [17] replaced the full-wave rectifier in Figure 2.2 with 
a VM circuit. The resultant circuit diagram of the power converter is shown in Figure 
2.6.  
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Figure 2.5: Circuit operation of the half-wave VM.  
 
 
 
 
Figure 2.6: VM based HV dc-dc converter [17]. 
 
As the VM circuit has the voltage boosting capability, connecting it at the 
secondary of HV transformer reduces the transformer turns ratio. Hence, the parasitic 
elements of the HV transformer are reduced. However, the rise time of the VM is 
proportional to the number of stages. Although deploying of high number of VM 
stages can reduce the parasitic elements significantly, it causes slow transient 
response in the power converter. Lengthy rise time of output voltage is undesirable 
for medical X-ray imaging application. Therefore, authors in [17] proposed only two 
stages of VM circuit for X-ray generator. In short, this topology can only lessen the 
effect of parasitic elements but not eradicating them.  
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2.5 Resonant Converter Based HV Power Supply 
An alternative approach to cope with the parasitic elements of HV 
transformer is to design new topologies of the dc-dc converter which is capable to 
absorb the non-idealities of HV transformer as useful elements. For this purpose, 
authors in [18], [19] proposed resonant HV dc-dc converter as shown in Figure 2.7.  
 
 
Figure 2.7: Resonant HV dc-dc converter. 
 
Similar to the PWM inverter based dc-dc converter, this topology consists of 
a full-bridge inverter, a HV transformer, and a HV full-wave rectifier with filter 
capacitor. Its only difference is that it has an additional resonant tank connected 
between the full-bridge inverter and HV transformer. The designated resonant tank 
plays an important role in storing and releasing of energy during operation and 
therefore causes the current to flow in sinusoidal profile. When high frequency ac 
voltage in the form of square wave produced by the full-bridge inverter is applied 
across the resonant tank, the current rings in a piecewise sinusoidal fashion [19].  
 
Exploiting of resonance phenomena in this topology has numerous 
advantages, namely, low switching loss as the soft switching in inverter switches is 
achievable, low electromagnetic interference, voltage/current spikes are avoided, and 
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higher operating frequency, which consequently increases the power density of 
converter [20]-[22]. Therefore, this topology reduces the size of converter and 
greatly improves the efficiency [23], [24]. 
 
In the broader perspective, there are three types of resonant tank circuit to be 
employed in this resonant HV dc-dc converter. They are series resonant, parallel 
resonant and series-parallel resonant tank [25], [26]. Their distinctive concepts are 
schematically depicted in Figure 2.8. 
 
 
Figure 2.8: Types of resonant tank circuit [27]. 
 
In series resonant tank, the tank inductor and capacitor are connected is series. 
This sort of resonant tank allows the leakage inductance of HV transformer to be 
absorbed into the topology as long as there is an externally connected series tank 
capacitor. As for parallel resonant tank, the resonant tank is connected in parallel to 
the tank capacitor. Since the tank inductor and capacitor are connected exactly the 
same as the parasitic elements of HV transformer (Figure 2.3), both the leakage 
inductance and parasitic capacitance are absorbed into the topology. Series-parallel 
resonant tank is a hybrid of series and parallel resonant tank. In this resonant tank, 
both leakage inductance and parasitic capacitance of HV transformer are absorbed 
into the topology once that a series tank capacitor is externally connected. 
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2.5.1 Series Resonant HV DC-DC Converter 
The series resonant HV dc-dc converter as illustrated in Figure 2.9 is the most 
popular topology for X-ray generator application [28]. The series resonant capacitor 
in this topology has the ability to block the dc components on the primary side of HV 
transformer and prevents the transformer saturation [29], [30]. Since the resonant 
tank is connected in series with the primary of HV transformer, it will limit  the 
current flow through the inverter once that the primary of HV transformer is shorted 
accidentally and hence provides overload protection as well [26].  
 
Typically, this topology possesses an advantage over other types of resonant 
converters in such a way that the resonant current is proportional to the load current 
[26]. As the resonant current decreases with accordance to the reduction in output 
load, the conduction loss is also reduced at light load condition. Therefore, the 
efficiency of this topology remains high throughout a wide range of load variation 
[31]. However, its poor output voltage controllability at light load condition renders 
it a less satisfactory option to be put into implementation [26], [32], [33].  
 
 
Figure 2.9: Series resonant HV dc-dc converter. 
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Conventionally, the series resonant HV dc-dc converter for X-ray generator is 
controlled by PFM [34]. By controlling the frequency of the full-bridge inverter, the 
output voltage can be regulated. Its operating frequency determines the conduction 
mode of the converter. When the switching frequency is more than half of resonant 
frequency, the converter is operating in CCM. On the other hand, the resonant 
current is discontinuous (DCM) when the switching frequency is less than half of 
resonant frequency [35], [36]. 
 
In CCM, the full-bridge inverter is unable to operate in soft switching 
condition all the time. When the switching frequency is below the resonant frequency, 
all the inverter switches achieve soft switching only at the time that they are turn off 
[27]. On the contrary, when the switching frequency is above resonant frequency, all 
the inverter switches achieve soft switching only at the time that they are turn on [27], 
[37].  
 
Authors in [38]-[40] proposed constant on-time PFM to operate the converter 
in DCM. As the resonant current is discontinuous, all inverter switches are turned on 
under ZCS condition. They are turn off when the resonant current is flowing in the 
reversed direction through the anti-parallel diode. In that case, all the switches are 
turned off under ZCS and ZVS condition [41], [42]. Therefore, operating in DCM 
has merits of negligible switching loss and hence higher efficiency compared with 
CCM.  
 
PFM has a disadvantage of wide variation of switching frequency is required 
in regulating the output voltage, especially at light load condition [43]. At low 
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switching frequency, the output ripple is extremely large and the transient response is 
slow, which is undesirable in X-ray application [44], [45]. Having known the 
problems of wide range frequency variation in PFM, some types of fixed-frequency 
control strategies have been proposed [46].  
 
Authors in [47] proposed a PSM with the full-bridge inverter operates at the 
fixed-frequency above resonance. By shifting the phase of switching signals for 
second leg (S3 and S4) of the full-bridge inverter, the output voltage can be regulated. 
Higher phase shift results in lower output voltage and vice versa. However, this 
control scheme does not resolve the problem of controllability at light load. At the 
desired low output load, the range of output voltage produced is very narrow [37]. 
Moreover, operating the full-bridge inverter above resonance has a disadvantage of 
hard switching on inverter switches during turn off.  
 
By using the same control approach as PSM, a new series resonant HV dc-dc 
converter topology is proposed by authors in [45] as shown in Figure 2.10. In this 
converter, the inputs of two full-bridge inverters are connected in parallel and they 
share the same dc source. In contrast, the output voltages of both series resonant 
inverters are boosted and combined through VM circuit. The output voltage is 
controlled by varying the phase-shift between the output voltages of both the full-
bridge inverters. The main drawbacks of this topology include the constrained of 
control range in light load condition in addition to its inability to achieve soft 
switching throughout the entire control range. This topology also has complicated 
control scheme and it requires large number of switches. 
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Figure 2.10: Two full-bridge inverter-fed series resonant HV dc-dc converter with 
PSM control [45].  
 
 
 
Figure 2.11: Three-phase series resonant HV dc-dc converter with IVM control [49]. 
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Another control scheme, which called the input-voltage-modulation (IVM), 
was proposed by authors in [48], [49]. This control scheme operates the series 
resonant HV dc-dc converter in DCM to eliminate switching loss of all switches 
during both turn on and off condition. The three phase series resonant converter 
operate with this control scheme is illustrated in Figure 2.11. 
 
The three-phase series resonant converter comprised of three sets of full-
bridge inverter in which designated to energize three series resonant tanks. The full-
bridge inverters used in this topology operate with a phase shift difference of 120o. 
The output voltages of each series resonant converter are boosted and combined 
through a three-phase VM circuit. 
 
The output voltage of the converter is regulated by varying the magnitude of 
input voltage across the full-bridge inverter, which can be done by adding a quasi-
resonant control circuit at the lower arm of the inverter input. This control circuit acts 
like a dc voltage controller. This topology requires the output voltage of the quasi-
resonant control circuit to be connected in series with the input of the full-bridge 
inverter. In connection with this arrangement, the decreasing of the output voltage of 
the quasi-resonant control circuit (VH) will result in the increasing of effective 
voltage across the full-bridge inverter. Consequently, the output voltage of the HV 
dc-dc converter is higher. This control scheme has drawbacks of complicated control 
strategy, which needs a complex control circuit. Moreover, the higher demand of 
switches and components leads to greater unwanted conduction loss, higher cost and 
bulkier size.  
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2.5.2 Parallel Resonant HV DC-DC Converter 
A parallel resonant HV dc-dc converter uses all parasitic elements of HV 
transformer as resonant tank and does not require any additional external inductor or 
capacitor [50], [51]. In contrast to the series resonant converter, this topology as 
shown in Figure 2.12 has very good controllability at light load whereby the output 
voltage can be regulated over a wide range at no-load condition. However, the 
achievable range of output voltage reduced as the load increases. Therefore, it suffers 
from low controllability at heavy load condition [52], [53].  
 
In addition, this topology is unable to prevent the saturation of HV 
transformer [52], [53]. The most critical problem of this topology is the non-
proportioning between the resonant current and the load current. The resonant 
current will remain high even though the load decreases. Under this condition, the 
conduction losses are fixed, and thus diminish the efficiency at light load [32], [54], 
[55].  
 
 
Figure 2.12: Parallel resonant HV dc-dc converter. 
 
A parallel resonant HV dc-dc converter has two conduction modes as similar 
to the series resonant converter, namely DCM and CCM (below resonance or above 
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resonance) [56]. The soft switching condition of the full-bridge inverter switches in 
different conduction mode is described as follows: at both turn on and off in DCM 
[57], at turn off in CCM below resonance [57], and at turn on in CCM above 
resonance [58].  
 
Generally, this topology is operated in CCM with the output voltage regulated 
by PSM [59]. However, the limitation of the output voltage range in heavy load 
condition makes PSM an imperfect control scheme [60].  Authors in [61] improved 
this topology by adding auxiliary resonant bridge-leg link snubbers in an attempt to 
achieve soft switching in all switches at both turn on and off. However, the number 
of switches and components are increased. In addition, the problems of 
controllability at heavy load and low efficiency at light load are unresolved.  
 
2.5.3 Series-Parallel Resonant HV DC-DC Converter 
The series-parallel resonant converter is often used along with inductive 
output filter [26], [30]. However, there are researchers employed it along with 
capacitive output filter [62], [63]. The capacitive output filter is suitable to be used in 
HV power supply for X-ray generator. Figure 2.13 shows the series-parallel resonant 
HV dc-dc converter. This topology uses both the leakage inductance and parasitic 
capacitance of HV transformer as resonant components with an externally connected 
capacitor in series with the transformer [64], [65].  
 
With the assistance of the series capacitor in blocking the dc component, the 
saturation of HV transformer is avoided. Moreover, this topology takes advantage of 
both series and parallel resonant converter [32], [66]. The output voltage is able to be 
